The qualification of orthology is a significant challenge when developing large, 22 multi-loci phylogenetic datasets from assembled transcripts. Transcriptome assemblies 23 have various attributes, such as fragmentation, frameshifts, and mis-indexing, which pose 24 problems to automated methods of orthology assessment. Here, we identify a set of 25 orthologous single-copy genes from transcriptome assemblies for the land snails and slugs 26 (Eupulmonata) using a thorough approach to orthology determination involving manual 27 alignment curation, gene tree assessment and sequencing from genomic DNA. We 28 qualified the orthology of 500 nuclear, protein coding genes from the transcriptome 29 assemblies of 21 eupulmonate species to produce the most complete gene data matrix for a 30 major molluscan lineage to date, both in terms of taxon and character completeness. Exon-31 capture of the 500 genes for 22 species of Australian Camaenidae successfully captured 32 sequences of 2,825 exons, with only a 3.7% reduction in the data matrix due to the 33 presence of putative paralogs or pseudogenes. The automated pipeline Agalma retrieved 34
INTRODUCTION 45
Robust and well resolved phylogenies document the evolutionary history of 46 organisms and are essential for understanding spatio-temporal patterns of phylogenetic 47 diversification and phenotypic evolution. Despite the central role of phylogenies in have been developed to identify single-copy orthologous genes from assembled 69 transcriptomes. These methods generally involve two main steps. The first step is to 70 identify and cluster homologous sequences, either by direct reference to annotated 71 genomes (e.g., O'Hara et al. 2014) or by reference to ortholog databases, which themselves 72 are derived from genome comparisons (e.g., Tatusov et al. 2003; Ranwez et al. 2007 ; 73 Waterhouse et al. 2013; Altenhoff et al. 2015) . Alternatively, non-reference methods have 74 been employed such as all-by-all and reciprocal BLAST comparisons (Li et al. 2003; Dunn 75 et al. 2013) followed by clustering (Enright et al. 2002) . In the second step, orthology is 76 qualified using either similarity based approaches, including best-hit reciprocal blasts aspect of this approach was the concatenation of transcript fragments into a single 90 consensus sequence prior to tree-based ortholog qualification, leading to a more complete 91 final data matrix. This, in turn, allowed a more robust probe design for subsequent exon-92 capture (Hugall et al. 2015) . With the same objective of deriving a gene set appropriate for 93 exon-capture, here we implement this approach to identify and qualify 500 single-copy 94 orthologous genes for the Eupulmonata, a major lineage of air breathing snails and slugs 95 within the class Gastropoda. 96 Eupulmonata comprises over 24,000 species, with an evolutionary depth spanning 97 over 150 million years (Jörger et al. 2010) . The evolutionary relationships of the 98 Eupulmonata, however, remain incompletely understood despite many morphological and 99 molecular phylogenetic studies over the last two decades (e.g., Ponder & Lindberg 1997 ; Dayrat et al. 2011 ). The lack of congruence between studies is largely due to a 102 combination of using insufficient genetic markers (Schrödl 2014 ) and widespread 103 morphological convergence (Dayrat & Tillier 2002) . Therefore to resolve the 'tree of life' 104 of the eupulmonates, it is essential to identify more independently evolving markers with a 105 greater range of substitution rates to better estimate relationships across all evolutionary 106 depths. To achieve this, we sequenced and assembled transcriptomes for representatives of Transcriptome sequencing and assembly 117 We sequenced transcriptomes for 21 species of terrestrial snails and slugs 118 representative of 15 families across Eupulmonata (Table 1) . Total RNA was extracted from 119 foot or whole body tissue stored in RNAlater (Ambion Inc, USA) using the Qiagen gigantea genes classified in the OMA ortholog database (Altenhoff et al. 2015) . While this 140 information provided guidance, we were not reliant on it when prioritising homolog 141 clusters to assess. Specifically, we considered L. gigantea to be sufficiently divergent from 142 the eupulmonates (> 400 million years, Zapata et al. 2014 ) that single copy status could 143 differ. To identify candidate single copy genes for the eupulmonates we concatenated the 144 BLAST results across all species, including the reference all-by-all BLAST, and sorted this 145 by L. gigantea gene. Hence, a homolog cluster is considered here as that containing 1) all 146 contigs from all species that had a match to a given reference L. gigantea gene, and 2) all 147 contigs having a hit to any of the closely related L. gigantea genes identified by the all-by-148 all BLAST. The resulting clusters were then translated and aligned using ClustalW 149 (Thompson et al. 1994 ), using the program BioEdit (Hall 1999) .
150
To maintain consistency across studies, we first assessed homolog alignments . Where possible we also prioritised genes for which the coding region (CDS) was ≥ 164 300bp, or which had at least one exon ≥ 200bp.
165
When assessing the orthology of homolog clusters, we only considered the coding 166 region (i.e. untranslated regions (UTRs) were removed). We manually corrected 167 frameshifts and removed both clearly erroneous sequences (highly divergent with poor 168 blast e-values) and redundant sequences (transcripts identical within the aligned coding 169 region). Mis-indexing was identified as cases where two sequences for the same region 170 were present but one (typically just a fragment) matched exactly the sequence for another 171 taxon. Taxa containing paralogs were clearly evident by generally having > 5% 172 dissimilarity at the nucleotide level. To further qualify that paralogs were present we 173 inspected genealogies constructed using the neighbour joining method in MEGA (see 174 Figure S1 ). Any homolog cluster containing paralogs for any species was excluded from 175 further consideration. In certain cases paralogous sequences were closely related, 176 representing either in-paralogs (see Remm et al. 2001) or genes exhibiting elevated allelic 177 diversity (see O'Hara et al. 2014 ). These also were excluded from further consideration as 178 such genes are not optimal for exon-capture with greater taxonomic sampling. In the case 179 of fragmented transcripts, consensus sequences were produced if the overlapping regions 180 did not differ by more than three nucleotides. Non-overlapping fragments were also 181 concatenated if there were no other competing contigs and they displayed a high degree of 182 sequence similarity to closely related taxa.
183
As a proxy measure of substitution rate variation across the final 500 gene set we (Sphaerospira fraseri and Austrochloritis kosciuszkoensis). We chose to limit this analysis 187 to intrafamilial comparisons to avoid underestimation due to saturation. For comparison, 188 we also calculated the p-distances for two commonly used phylogenetic markers, CO1 and 189 28S, for the same taxa. Arbor, Michigan) custom biotinylated 120bp RNA baits at 2X tiling. We designed the baits 211 based on two species of Australian Camaenidae, Sphaerospira fraseri and Austrocholritis 212 kosciuszkoensis as a test case as the divergence across the eupulmonates is too large for a 213 single probe design. Exon boundaries were delineated as per the L. gigantea genome and 214 all exons shorter than 120bp (the probe length) were excluded (ten genes contained only 215 exons shorter than 120bp). 216 We tested the probe set on 22 species belonging to the family Camaenidae, Viewer (IGV: Thorvaldsdóttir et al. 2013 ). All sequences with greater than 3% ambiguous 238 sites where removed from the final dataset. Exons where more than 10% of the taxa 239 contained greater than 3% ambiguous sites were discarded entirely. 240 We again used TreSpEx to assess conflicting phylogenetic signal. We screened for Comparison to the Agalma pipeline 251 As an independent qualification of the manually curated 500 gene set we ran the to be separated and retained. The surviving subtrees were filtered based on the number of 262 taxa (set to greater than four taxa) and realigned for subsequent phylogenetic analysis.
263
Phylogenetic analysis 264 We reconstructed maximum likelihood trees using the program RAxML had high taxon coverage (≥18), and were derived from homolog clusters containing only a 274 single ortholog cluster (from here on referred to as the Agalma best dataset); that is, 275 Agalma homolog clusters containing multiple copies, albeit diagnosable, were not 276 considered further. 277 We also reconstructed a phylogeny for the camaenid dataset obtained through The number of paired reads obtained for each of the 21 eupulmonate species 288 sequenced ranged from 7.8M to 31.6M (Table 3 ). Trimming and de novo assembly 289 statistics are presented in Table 3 . The number of L. gigantea reference genes with BLAST 290 matches ranged from 7,011 to 9,699 per assembly (Table 3) , 5,490 of which had 291 homologous sequences in at least 18 of the 21 transcriptome assemblies.
292
Of the 288 genes used in a previous molluscan phylogenomic study (Kocot et al. 293 2011) 130 were single-copy for all eupulmonates considered here, while 146 contained 294 paralogs in at least one species (mean p-distance between paralogs of 0.28, ranging from 295 0.16-0.46). We could not unambiguously qualify the remaining 12 genes from this study as 296 they were poorly represented in our transcriptomes. Prioritising genes with high taxon 297 coverage and long exon length, we assessed alignments of candidate homolog clusters until 298 we reached 500 single-copy genes. In addition to the 146 Kocot genes shown to be 299 paralogous within the eupulmonates, we identified and qualified 62 multi-copy genes 300 during the course of this work. The final single-copy gene set is 98.5% taxa complete (i.e. Based on the all-by-all BLAST of the L. gigantea genes, 347 of our final 500 genes 306 had a single hit at an e-value threshold of 1e-10 (i.e. single copy status was consistent 307 between the L. gigantea reference and the eupulmonates), while the remainder had 308 multiple hits, indicative of the presence of close paralogs in the reference. Conversely, of 309 the 208 genes qualified as multiple-copy for the eupulmonates (146 from the Kocot gene 310 set plus 62 from this study), 134 only had one hit within the L. gigantea gene set (i.e. just 311 over half of the multiple-copy gene set are potentially single copy for patellogastropods).
312
These results broadly correspond to the orthology designation in the OMA (Orthologous 313 MAtrix) database.
314
Across the 500 single-copy genes, the p-distance between the two rhytidids, 315 Terrycarlessia turbinata and Victaphanta atramentaria, ranged from 0.02 to 0.13 (average 316 of 0.06; Figure 3 ). This family is thought to have originated 120 Mya (Bruggen 1980 ; Orthology qualification using TreSpEx 325 TreSpEx analyses of all 500 genes found no well supported conflict with the a 326 priori phylogenetic hypotheses, suggesting that hidden paralogs (i.e., genes represented by 327 a single sequence per taxon yet paralogous across multiple taxa) were absent from our 328 dataset. Furthermore, this analysis also showed no evidence of cross sample contamination, 329 nor any evidence of suspect long internal branches within the Stylommatophora.
330
Qualification of orthology using exon-capture 331 We enriched and sequenced all 1,646 targeted exons when considering all 22 332 samples collectively. We first mapped reads to the original reference used in the probe Table 1 ). 339 We then remapped reads to the revised reference (coverage and specificity statistics 340 presented in Table 4) for this species at least, all reference genes constructed from multiple transcript fragments 369 were consistent with those captured from genomic DNA (i.e. chimeras of unrelated 370 fragments were not created).
372
Comparison to Agalma pipeline 373 Using the Agalma pipeline we identified 11,140 ortholog clusters. Of these 374 ortholog clusters 635 corresponded to 457 of our 500 single-copy gene set. We refer to this 375 dataset as the "Agalma equivalent" dataset, and is 61% taxa complete and 54% character 376 complete. Many of the genes were represented by multiple ortholog clusters in the Agalma 377 analysis, many of which contained fewer taxa relative to that obtained via manual curation 378 (Figure 3) . Rather than paralogs, in all cases fragmentation in the transcriptome assemblies 
389
Of the 11,140 ortholog clusters there were 546 clusters that contained sequences of 390 at least 18 taxa and that had one ortholog cluster per homolog cluster. Of these, 171 were 391 also contained in our 500 single-copy gene set. Hence, the Agalma pipeline identified 375 392 genes in addition to the 500 manually curated genes, which had optimum taxon sampling.
393
The majority of these genes also represented the full CDS with 89% representing at least 394 80% of the length of the respective L. gigantea gene. We refer to this dataset as the 395 "Agalma best" dataset and is 92% taxa complete and 85% character complete. 397 We reconstructed phylogenies from three ortholog datasets for comparison: (1) the 398 manually curated 500 single-copy gene set (Figure 4a The identification and qualification of orthology is a critical prerequisite for sound 422 phylogenetic inference. Our approach of orthology assessment involved an initial 423 assessment and manual editing of homolog clusters, allowing us to correct for multiple 424 isoforms and errors such as sequence fragmentation, frame-shifts and mis-indexing. Using 425 this approach, we qualified the orthology and single-copy status of 500 genes across the 426 eupulmonates, 130 of which were used in a previous phylogenomic study of the Mollusca 427 (Kocot et al. 2011) . The resulting 500 gene data matrix is the most complete produced for 428 a major molluscan lineage to date, both in terms of taxon and character completeness. We that orthologous genes qualified as single-copy across many highly divergent taxa are more 447 likely to maintain single-copy status with greater taxonomic sampling. We tested this idea 448 at a preliminary stage of our work by first assessing genes used in a phylogenomic study of 449 the Mollusca (Kocot et al. 2011) . In that study, orthologous genes were identified using the 450 program HaMStR, based on a 1,032 ortholog set resulting from the Inparanoid orthology to identify and cluster homologous sequences, we did not rely on orthology database 473 designations of the L. gigantea gene set to guide our analyses. 475 Pipelines that fully automate homology searches and clustering, orthology 476 qualification, and final alignments are highly desirable for efficiency, consistency, and 477 repeatability. Moreover, reference free methods, like that implemented in Agalma are also 478 highly desirable in cases where the study taxa are poorly represented in ortholog databases.
396

Phylogenetic analysis
474
Automated vs manually curated aided pipelines
479
There are characteristics of assembled transcriptome sequences, however, that challenge The Agalma analysis confirmed the single-copy, orthology status for the majority 491 of the 500 manually curated gene set, but it was hampered by fragmentation within the 492 transcriptome assemblies. In all cases where multiple ortholog clusters were derived using 493 Agalma for any one of the 500 genes, this was due to fragmentation, not missed paralogy.
494
In essence, alignments of fragmented transcripts (whether or not they were partially 495 overlapping) resulted in poorly reconstructed gene trees, which in turn misled subsequent 496 tree pruning and ortholog clustering (e.g. Figure S3 ). Consequently, for the Agalma 497 equivalent dataset, both taxon and character completeness was poor relative to the 498 manually curated data matrix. To our knowledge, no fully automated phylogenomics 499 pipeline currently implements the consensus of fragmented sequences, and studies that 500 have made the effort to retain multiple fragments, as in this study, have decided which 501 sequences to retain and merge manually (e.g., Rothfels et al. 2013; O'Hara et al. 2014 ).
502
The issue of working with fragmented assemblies can be addressed, however, by 503 incorporating an automated consensus making algorithm such as TGICL (Pertea et al. 504 2003) into the pipeline to address fragmentation at the homolog alignment stage. Doing so 505 is particularly desirable, given that manual curation of homologous sequences requires 506 considerable time investment.
507
A major strength of automated pipelines is that they enable a more comprehensive 508 screening of putative orthologous genes. Manual curation requires considerable effort, and 509 while more candidate genes were identified than were assessed, we stopped the manual 510 assessment once our target of 500 genes had been attained. The Agalma analyses had no 511 constraints, however, hence all possible orthologous clusters were considered.
512
Consequently, we identified an additional 375 ortholog clusters which met a strict taxa 513 completeness threshold (18 taxa or more) and represented the only ortholog cluster arising 514 from original homolog clusters. While beyond the scope of this study, further qualification 515 of these additional genes using exon-capture (see below) would be highly desirable. this study. Nevertheless, these phylogenomic datasets do afford greater resolution of 529 deeper relationships than obtained in previous molecular studies (Wade et al. 2001 (Wade et al. , 2006 . 530 Secondly, convergence in supported topology between the two most complete and largely 531 independent datasets (only 171 genes were in common), and the inconsistency between the 532 manually curated and Agalma equivalent dataset (sharing 458 genes), suggests the possible 533 importance of data matrix completeness in resolving short, basal internodes.
534
Exon-capture 535 One of the overarching objectives of this study was to identify and qualify 500 536 genes suitable for exon-capture work within the eupulmonates. Here we sequenced and 
